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The synthesis and properties of the mononuclear vanadium complexes VCl2(R2dtc)2,
VBr2(Et2dtc)2 where R = Me, Et, Py; dtc = dithiocarbamate; and VX2(dik)2 where X = Cl, Br; and dik
= acetylacetonato, benzoylacetonato are reported. The above complexes were synthesized by
the general reaction of the corresponding vanadyl complex with the appropriate acetyl halide in
toluene in high yield. IR and UV-vis analysis were performed on all of the complexes in addition to
single crystal x-ray analysis on VCl2(Et2dtc)2 and VCl2(acac)2- The single crystal x-ray structures
are the first reported for c/s-VCl2(Et2dtc)2 and trans-WCl2(acac)2- The IR absorptions of the
VX2(R2dtc)2 and VX2(acac)2 complexes are very consistent with those of the vanadyl starting
material except for the absence of the V=0 band at approximately 1000 cm'1 indicating
halogenation at the metal center, consistent with the crystal structures.
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It is becoming increasingly apparent that the chemistry of vanadium is of great importance
to a wide variety of biological and industrial systems. Recent work in the field of inorganic
biochemistry indicates there is a class of nitrogenase metallo-enzymes which have vanadium in
the active site.1-2 In these enzymes, vanadium appears to shuttle between V11 and Vw, and is
bound to an iron-sulfur cluster. However, few models have been made of this active site. One
synthetic difficulty is the problem of directly linking Fe-S clusters and compounds. This
requires functionality on the vanadium atom which can be synthetically manipulated. Thus, having
new compounds with functionality is highly desirable.
Vanadium is commercially important in the conversion of crude oils to transportation
fuels.3 Vanadium occurs naturally and can be of high concentration in the heavier crude oils.4 It
iadversely affects the petrulem industry because its necessary removal during upgrading5,
poisons the heterogeneous catalysts used in processing.6 In processing, the intermediate
species in the transformation of naturally occuring VO42 complexes to vanadium sulfide on the
upgrading catalyst surface are not well characterized. Some evidence suggests VO+2 is
deoxygenated to VIV.7'10 Characterizing this transformation is critical to understanding catalytic
poisoning due to metals.
Vanadium compounds have also been used to generate slurry-type catalysts to upgrade
heavy oils and assist in coal liquefaction. These catalysts increase the conversion of petroleum
and coal to lower boiling materials,11 and desulfurize the resulting liquids.1213 The exact species
responsible could be finely dispersed vanadium sulfides. Under model reaction conditions,
vanadium sul tides are formed in situ from vanadyl model compounds such as VO(acac)2-14 The
transformation chemistry and the active VSX species has not been well characterized or
understood. Clearly, activation of the V=0 bond is a critical part of this transformation.
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The V=0 bond generally dominates the coordination chemistry of vanadium.15 This
moiety is extremely stable due to its bond strength and the affinity vanadium has for oxygen. Of
the limited VIV non-oxo species reported in the literature, only a few are dihalogen complexes.
This is particularly unfortunate because of the wide range of vanadium chelate complexes which
could be accessible with such functionality at the vanadium atom.
One example of a dihalovanadium chelate complex characterized by single crystal x-ray
analysis appears in the literature. Pasquaii et al.16 report the preparation of VCl2(sal-N-Bu)2 using
thionyl chloride as a halogenating agent. Single crystal x-ray analysis shows the structure to be of
trans configuration.
Several authors17'23 have reported the preparation of various vanadium(IV) complexes
which were not characterized by single crystal x-ray analysis. VonDreele and Fay17 report the
preparation of complexes of the form VX2(dik)2 (dik = acac, dpm; X = Cl, Br, NCO or NCS) by the
reaction of VCI4 with the diketonate ligand. Through IR interpretation, they report these
complexes to be of cis and trans configurations with the cis form being more dominant in solvents
of high polarity. Jezierski and Raynor19'20 report the preparation of V,vCl2(dik)2 (dik = acac, bzac;
X = Cl, Br) using thionyl chloride. The EPR analysis shows a similar conversion between cis and
trans isomerism depending upon the polarity of the solvent; that is, the trans isomer dominates in
nonpolar solvents while the cis isomer dominates in polar solvents. Behzadi and Thompson22
report the synthesis of a number of (3-diketonate complexes using thionyl chloride, thionyl
bromide and phosphorus pentachloride as halogenating agents, and characterize them using a
number of analytical and spectroscopic methods, including x-ray powder diffraction. However,
they give no clear interpretation of the resulting geometric coordination of these complexes.
Cuadrado and Moran23 report the preparation of VCl2(Me2dtc)2, VCl2(Et2dtc)2, VCl2(Pipdtc)2 and
VCl2(Morphdtc)2 by the reaction of VCl2(THF)2 with thiuram disulfide ligands and a subsequent
oxidation of V11 to VIV and reduction of the thiuram disulfide ligands to dithiocarbamate ligands.
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Through IR and EPR analyses, they conclude the trans geometric configuration. Finally, Richard
et al.24 describe the preparation of VCl2(tpp) using thionyl chloride. Extended x-ray absorption
fine structural data confirms the trans configuration of this complex.
Many methods for synthesizing vanadium(IV) complexes exist. The corresponding
vanadyl chelate complexes have been halogenated by thionyl chloride16.20,22,24 thionyl
bromide22, phosphorus pentachloride22, selenium oxychloride21, and oxalyl chloride24. The
reaction of VCI4 and p-diketonate ligands17 and the reaction of thiuram disulfides with V11
compounds23 have likewise been reported for the synthesis of dihalo vanadium(IV) complexes.
Although these methods are all sufficient for the synthesis of dihalogen complexes, there are
some drawbacks. Many of the reagents are difficult to handle and some react with the ligand as
well as the vanadium. Also, some of the methods involve difficult to handle vanadium complexes
or require involved ligand synthesis.
In this thesis, the synthesis and characterization of VCl2(Me2dtc)2, VCl2(Et2dtc)2,
VBr2(Et2dtc)2, VCl2(Pydtc)2, VCl2(acac)2, VBr2(acac)2, VCl2(bzac)2, and VBr2(bzac)2 from the
reaction of the corresponding vanadyl complex with acetyl chloride, acetyl bromide and benzoyl
chloride are presented. The complexes are characterized by vibrational and electronic
spectroscopy. In addition, the structural characterization by single crystal x-ray analysis of
VCl2(Et2dtc)2 and VCl2(acac)2 is presented. The synthesis is a new synthetic procedure and the
crystal structures of VCl2(Et2dtc)2 and VCl2(acac)2 are the first reported for dichloro
dithiocarbamate and p-diketonate vanadium complexes.
CHAPTER II
DIHALO BIS(DIALKYLDITHIOCARBAMATO) VANADIUM(IV)
Reports of sulfur coordinated chelate complexes of vanadium(IV) are not as dominant in
the literature as oxygen and nitrogen coordinated vanadium(IV) chelate complexes. The larger
atomic radius of sulfur in comparison with oxygen and nitrogen may greatly affect the ultimate
geometry of the complex. Also, the existence of a vanadium nitrogenase enzyme coordinated
through Fe-S clusters demands the discovery of new sulfur complexes to model its behavior. The
ability to functionalize metal-chelate complexes with halogen atoms is attractive because
metathesis reactions with these complexes and sodium salts of a variety of sulfur-based ligands
could produce ligation around metal atoms for a wide range of model complexes.
EXPERIMENTAL
All syntheses were carried out in a dry/inert atmosphere of purified nitrogen.
Manipulations under nitrogen atmosphere for the syntheses were achieved by utilizing Schlenk
glassware and a nitrogen purge stream. Samples for the spectroscopic study of air-sensitive
compounds were prepared under nitrogen in the giovebag or Vacuum Atmospheres glove box.
Infrared spectra were recorded of KBr pellets with a Mattson Polaris Model 10410
spectrophotometer. The electronic spectra were recorded on a Varian Model 503
spectrophotometer using Spectrochem quartz anaerobic cells.
REAGENTS
Spectroanalytical grade methylene chloride (0.006% water) and hexane were obtained
from Burdick and Jackson Laboratories. Ethanol was obtained from Gold Shield Chemical
Company. Methylene chloride and hexane were dried over CaH2 and UAIH4, respectively, under
a dinitrogen atmosphere and degassed before use. Sodium hydrogen dimethyldithiocarbamate
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dihydrate; sodium hydrogen diethyldithiocarbamate trihydrate; acetyl chloride; and acetyl bromide
were purchased from Aldrich. The Pyrrolidine-dithiocarbamate derivative was purchased from
Matheson, Coleman and Bell Manufacturing Chemists. The acetyl bromide was distilled before
use and the acetyl chloride used as received.
SYNTHESIS OF COMPLEXES
The vanadyl complexes VO(Me2dtc)2, VO(Et2dtc)2 and VO(Pydtc)2 were prepared by the
method of McCormick25 and recrystallized from methylene chloride.
Dichloro bisfdimethvldithiocarbamatol vanadium(IV) fVCI^MegdtcIgl.
VO(Me2dtc)2 (0.971 g, 0.00358 mol) was added to methylene chloride (125 mL) to give a
brown solution. The solution was degassed, and AcCI (0.76 mL, 0.011 mol) added with stirring.
The brown solution turned black as time progressed. The reaction mixture was stirred at room
temperature overnight. The mixture was layered with hexane (125 mL) and placed in a freezer, at
-10 °C for three days lead ing to the formation of a black product. The product was filtered and
dried in vacuo to give 0.585 g, 45% yield with respect to VO(Me2dtc)2- Subsequent
recrystallization from CH2CI2 hexane led to the formation of black crystals. The pure product yield
was 0.467 g, 36% with respect to VO(Me2dtc)2
Dichloro bisfdiethvldithiocarbamato) vanadiumtlVI fVCIgfEtgdtcIgl.
VCl2(Et2dtc)2 was prepared from VO(Et2dtc)2 (2.06 g, 0.00567 mol) and AcCI (1.2 mL,
0.017 mol) in a manner similar to that above. The crude product yield was 1.34 g, 56% with
respect to VO(Et2dtc)2- The pure product yield was 1.19 g, 50% with respect to VO(Et2dtc)2.
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Dibromo bisfdiethvldithiocarbamato) vanadiumflVf fVBr^Etgdtcfgl.
VBr2(Et2dtc)2 was prepared from VO(Et2dtc)2 (0.502 g, 0.00138 mol) and AcBr (0.29
mL, 0.0041 mol) in a manner similar to that above. The crude product yield was 0.406 g, 58% with
respect to VO(Et2dtc)2- The pure product yield was 0.387% g, 55% with respect to VO(Et2dtc)2.
Dichloro bis(Dvrrolidvldithiocarbamato) vanadiumfIVI fVCIgfPvdtc^l.
VCl2(Pydtc)2 was prepared from VO(Pydtc)2 (1.16 g, 0.00324 mol) and AcCI (0.69 mL,
0.0097 mol) in a manner similar to that above. The crude product yield was 0.616 g, 46% with
respect to VO(Pydtc)2- The pure product yield was 0.583 g, 44% with respect to VO(Pydtc)2.
X-RAY CRYSTALLOGRAPHY AND STRUCTURE SOLUTION
Single crystal x-ray analysis was performed on VCl2(Et2dtc)2-26 Crystallographic data are




Vanadyl complexes have been halogenated by a variety of halogenating agents
(SOCI2,16-20-22'24 SOBr2,22 PCI5 22 SeOCl2,21 and COCI216) to yield the corresponding dihalo
derivative. These reagents, however, are caustic and often react with the ligand. In addition,
some dihalogen complexes have been made using VCI417, and by less direct methods including
going through thiuram disulfide23 intermediates. The more attractive AcX reagents (X = Cl, Br)
directly afford the dihalo complexes, overcoming the potential side reactions of the other agents,
with relatively easy to handle reagents. As a result, we have successfully synthesized through
direct reactions with the corresponding vanadyl complexes, VCl2(Et2dtc)2, VCl2(Me2dtc)2,
VCl2(Pydtc)2, and VBr2(Et2dtc)2 by reaction (i). Previous attempts to synthesize these
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Crystal Dimensions 0.25 x 0.25 x 0.25 mm
Color of Crystal black/green
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compounds using the above halogenating agents often led to poorly characterized, impure
products, probably due to the halogenating agent reacting with the ligand.
VO(R2dtc)2 + 2AcX -->VX2(R2dtc)2 (X = CI,Br) (i)
Our initial attempts to prepare the dihalo complexes involved the reaction of the vanadyl
complex with a stoichiometric amount of acetyl chloride. The detection of the characteristic V=0
stretch in the IR of the crude product suggested that the reaction was not proceeding to
completion. The reactions were subsequently carried out in a 1:3 molar ratio of vanadyl complex
to acetyl halide (50% excess).
Although the isolation of all the complexes was extremely easy, the isolation of VCl2(Pydtc)2 in a
crystalline form was difficult. Several attempts to dry and isolate the product resulted in its
conversion from a black crystalline material to a dull grayish material. IR data suggested the
complex had not been oxygenated because of the absence of the V=0 stretch. A plausible
explanation is a loosely bound CH2CI2 solvent molecule in the crystal lattice. In subsequent
attempts, the reaction solvent was decanted off the crude product. Allowing the residual solvent
to evaporate slowly under a stream of nitrogen for several days produced a black crystalline solid.
DESCRIPTION OF STRUCTURE
Figure 1 shows the structure of VCl2(Et2dtc)2 with the appropriate atom numbering
scheme, and Figure 2 is a stereo view of the molecule. Selected structural parameters are
collected in Tables II and III. The crystal is composed of discrete molecules of VCl2(Et2dtc)2 with
the expected 6 coordination of vanadium. The structure around the vanadium can be described
as being highly distorted octahedral coordination. The Cl atoms are unexpectedly cis to the plane
formed by the four sulfurs of the dithiocarbamate ligands. This is contrary to the structure of
9





Bond Distances of c/s-VCl2(Et2dtc)2























Bond Angles of c/s-VCl2(Et2dtc)2
Atom A Atom B Atom C Angle,0
Cl(2) V(1) Cl(3) 98.26(4)
Cl(2) V(1) S(4) 155.63(3)
Cl(2) V(1) S(6) 83.77(4)
Cl(2) V(1) S(12) 92.30(4)
Cl(2) V(1) S(14) 113.86(4)
Cl(3) V(1) S(4) 93.01(4)
Cl(3) V(1) S(6) 116.99(4)
Cl(3) V(1) S(12) 155.37(3)
Cl(3) V(1) S(14) 83.66(4)
S(4) V(1) S(6) 71.86(3)
S(4) V(1) S(12) 86.11(3)
S(4) V(1) S(14) 88.75(4)
S(6) V(1) S(12) 86.14(4)
S(6) V(1) S(14) 151.63(3)
S(12) V(1) S(14) 71.71(4)
V(1) S(4) C(5) 87.63(10)
V(1) S(6) C(5) 89.56(9)
V(1) S(12) C(13) 87.92(10)
m S(14) C(13) 89.48(10)
VCl2(sal-N-Bu)2, the only other reported16 single crystal determination of a VIV dihalide, which
has a fairly symmetrical octahedral coordination with trans Cl atoms. The dithiocarbamate structure
is the first reported single crystal determination of a VIV cis dihalogen complex. This symmetry is
also contrary to what has been predicted by EPR and IR studies.20-23
Table II shows the V-CI bond lengths are slightly different. Table IV compares these bond
lengths and other V-CI bond lengths found in the literature. The V-CI lengths for VCl2(Et2dtc)2
are slightly shorter than the two other VIV dichloro complexes.16 This is probably due to the
differences between the cis and trans structures and the effect this has on electron distribution.
The vanadium atom in the cis structure is considerably out of the equatorial plane. As a result, the
n-bonding formed by the vanadium metal and ligand overlap in the equatorial plane, are not as
stabilized as in the trans structures, and so there is less delocalization of charge onto the ligand,
resulting in a stronger V-CI bond. This is substantiated by the EPR examinations that have been
carried out on these compounds.20-23 Jezierski and Raynor20 report the anisotropic hyperfine
parameter P increases in value with decreasing electron delocalization and covalency. In the trans
configuration, the vanadium atom is in the equatorial plane, giving the maximum stability in the or-
bonding dXy orbital and the n-bonding dx2-y2 orbital. Any distortion should weaken the bonding
interactions, which decreases delocalization onto the ligand structure. This is the case in
VCl2(Et2dtc)2 which has a P value of 0.0125 compared to 0.0108 for VCl2(acac)2. This reduction
in delocalization was also observed in the diagnostic IR bands of the ligand . This has also been
observed in the far IR spectra of VCl2(dpm)217 Depending upon the solvent system, the V-CI
bands of the cis and/or trans isomers can be assigned - cis, 385 and 400 cm-1; trans, 362 cm-1.
The ligand type also effects the V-CI bond length. The V=0 bond lengths in the
corresponding vanadyl complexes are subject to variations due to both the first coordination
1 4
Table IV
Vanadium-Chloride Bond Lengths of
Selected Vanadyl and Vanadium(IV) Complexes
Complex V-CI(A) Ox State V Coord.
VCl2(Et2dtC)2 2.25-2.26 IV 6
VCl2(acac)241 2.31-2.33 IV 6
VCI2(sal-N-Bu)218 2.35 IV 6
VOCI2(NMe3)242 2.25 IV 5
VOCl2(C5Hi2N20)243 2.34 IV 5
V0Cl2(C2H50)2(H20)44 2.39 IV 5
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sphere28'30 and substitutions on the ligand.31 Table IV also shows the V-CI bond distances are
shorter than the V-CI bond distances in V=0 chloro complexes. Here the added delocalization of
charge onto the oxygen reduces the V-CI interaction.
The four V-S bonds are divided into two short (ave 2.382 A) and two long (ave 2.451 A)
bond lengths. This is reflected in the corresponding C-S lengths, where the two S atoms with
longer V-S bond lengths have shorter C-S bond lengths (ave 1.711 A) and the two S atoms with
shorter V-S bond lengths have longer C-S bond lengths (ave 1.733 A). The rationale of this can
be seen in considering once again the deviation of the vanadium from the equatorial plane of the
complexes. Starting with the two dithiocarbamates in a planar configuration (as they would be in a
trans configuration) the distortion to the cis structure not only requires the ligands to bend below
this plane, but also to twist in opposite directions around the C-N axis of each ligand. This
removes one S atom of each ligand from the plane of the ir-bonding orbitals more than the other,
therefore yielding two sets of V-S bond lengths, as well as two sets of S-V-S bond angles. Indeed
Figure 1 and 2 show S(6) and S(14) closer to the perpendicular to the plane formed by Cl(2), V(1),
and Cl(3). In addition, the planes formed by the S2CNC2 atoms in each of the ligands are also
twisted with respect to each other.
The effects on the ligand structures can be realized through the canonical forms I through
III shown in Figure 3. van der Kirk et al.39-40 offer the explanation that the contribution of the
canonical forms of dialkyldithiocarbamates depends upon the nature of the alkyl substitution so
that the contribution of canonical form I becomes less important upon ascending the homologous
series (i.e. Me, Et, etc.). Other investigators have shown canonical form I to be particularly
important and the predominate form in binding many dialkyldithiocarbamates to metals.23-32-33
The C-N stretching frequencies in the IR support this. However, canonical forms II and III cannot
be ignored, particularly in light of the two sets of V-S and C-S bond lengths. When the ligands
distort out of the equatorial plane, canonical form I is less likely to be important, and either II or III
contribute proportionately more to the bonding. If the contribution of II or III is large enough, this




















Figure 3. Canonical forms I, II, and III of the dithiocarbamato ligand
Single crystal x-ray analysis has also been performed on the vanadyl starting material,!
VO(Et2dtc)2-30 Since only the oxygen atom has been replaced, this offers an interesting
comparison to see the effects of the Cl atoms placement on the [V(Et2dtc)2]+2 subunit structure.
Table V lists the comparisons for selected bond distances and angles. The V-S distance reflects
Table V
Comparison of Selected VO(Et2dtc)2 and VCl2(Et2dtc)2
Structural Information
Property VO(Et2dtc)2 VCI2(Et2dtc)2
V-S 2.387 - 2.410 A 2.378 - 2.452 A
C-Sa 1.715 - 1.727 A 1.709 - 1.713 A
C-Sb 1.721 - 1.732 A 1.733 - 1.734 A
s-v-s 74.4° 71.8 °
a Short C-S bond group
b. Long C-S bond group
the distortion from the equatorial plane in the dichloro complex compared to the vanadyl complex;
that is, the variation in bond lengths is much larger. In the vanadyl complex, only one of the four
V-S bonds is short, which is considered to be due to crystal packing forces. The average V-S
bond distance for the dichloro complex (2.41 A), however, is similar to the average for the vanadyl
complex (2.40 A). These values are slightly shorter than values seen for other VIV complexes
containing the V(S2C) moiety. In these cases, the inequivalence in the V-S bond lengths were
also observed. V(S2CCH3)4,35 V(S2CC6H5)4.36 V(S2CCH2C6H5)4,36 and VO(S2CNEt2)337
exhibited the following V-S|ong distance(A), V-SShort distance(A), and V-S bond ratio (long to
short): 2.50, 2.46, 1.02; 2.56, 2.45, 1.05; 2.53, 2.46, 1.03; 2.75, 2.55, 1.08; respectively.
These compare to VO(S2CNEt2)2 and VCl2(S2CNEt2)2 with V-S bond ratio of 1.00 and 1.03,
respectively. The n-bonding in V(S2CC6H5)4 and V(S2CCH2C6H5)4 was also considered weak.
Although it is unlikely crystal packing forces would be completely responsible for the V-S bond
behavior described above, it certainly cannot be ruled out and probably accounts for at least some
of the distortions in the structures cited.
Table V shows the average C-S bond lengths are about the same for both VO(Et2dtc)2
and VCI2(Et2dtc)2. However, the inequivalence seen in the C-S bond lengths in the dichloro
complex are also seen in the vanadyl complex, although not as dramatically. This difference in
bond length suggests the canonical form II or III shown above can have significance even when
there is ample rc-bonding, as in the case for the vanadyl complex. However, in the vanadyl
complex, the vanadium atom is 0.7 A above the basal plane formed by the 4 S atoms of the
dithiocarbamate ligands, which would reduce the amount of in-plane n bonding compared to the
idealized case of a trans dichloro structure. The vanadyl complex also shows a larger variation in
corresponding C-S bond lengths between ligands I and II. This is not seen in the case of the
dichloro complex. Table V also shows the S-V-S angles formed by the individual ligands are larger
for the vanadyl complex. This is probably due to the added steric crowding of having two Cl atoms
in the first coordination sphere of the dichloro complex.
INFRARED SPECTRA
Figure 4 shows the IR spectra of VCl2(Et2dtc)2 and VO(Et2dtc)2, for comparison. The
dihalogen derivative has a very similar spectrum to the corresponding V=0 starting material. Both
have C-N stretching bands around 1500 cm'1 and C-S vibration bands around 950 cm'1. A weak
C-S stretching band around 850 cm-1 is also evident in Figure 4. The most obvious difference
between the two spectra is the absence of the very intense V=0 band. This diagnostic band has
been our best indicator of purity. The small absorption which does appear in this region of the
dihalo IR spectra is C-S stretch which appears in the vanadyl IR spectra but is partially masked by
the strong V=0 stretch, which likewise appears in this region.
Table VI lists the most important and characteristic bands of the IR spectra of
VCl2(Et2dtc)2, VCl2(Me2dtc)2, VCl2(Pydtc)2, and VBr2(Et2dtc)2, and compares them with the
corresponding vanadyl starting material. The C-N band is slightly higher than in the free ligand
(1490 cm'1) for all the complexes.32 The C-S band is higher for the
dihalodialkyldithiocarbamates, and lower for the other complexes compared to the free ligand
band (970 cm-1). In all cases, the V=0 band is completely absent in the dihalogen derivatives.
In our dihalo dialkyldithiocarbamate complexes the C-N and C-S stretches are shifted to
higher frequencies or, as in the case of the pyrrolidine derivative, stay relatively the same upon
deoxygenation of the vanadium and addition of the chlorine. This is the opposite trend of many of
the other dihalogen complexes reported in the literature.
Behzadi and Thompson22 report IR data for vanadium(IV) b-diketonate complexes of the
form VX2(dik)2 (X = Cl, Br and dik= acac, bzac). On going from the vanadyl complex to the
corresponding dichloro derivative for each complex, the C-0 and C-C frequencies are shown to
decrease. This is attributed to the electron-withdrawing ability of the chlorine atoms, decreasing
eieciron density in the metal d orbitals, and consequently, the electron density about the ligand
%Transmission
Wavenumbers
figure 4. Comparison of IR Spectra of VO(Et2dtc)2 and c/s-VCl2(Et2dtc)2
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Table VI
Infrared Data for Selected Vanadyl and
Vanadium(IV) Dithiocarbamate Complexes (cm*1)
Complex u(C-N) o(C-S) v(V=0)
VO(Et2dtc)2 1514 955 988
VCl2(Et2dtC)2 1521 994
VBr2(Et2dtC)2 1520 996
VO(Me2dtc)2 1539 970 983
VCI2(Me2dtc)2 1545 981
VO(Pydtc)2 1494 947 994
VCl2(Pydtc)2 1496 947
chelate ring is shifted so the C-C and C-0 bonds become more single bond in character. Jezierski
and Raynor20, in their EPR study of several b-diketonate complexes explain in vanadyl bidendate
complexes, the vanadium atom is considerably out of the plane of the equatorial ligands.
However, the corresponding trans dihalo derivative, the vanadium atom will be in the equatorial
plane. Consequently, there is a small increase in the equatorial a bonding and a considerable
increase in the in-plane n bonding. This slightly stabilizes the cr-bonding dXy orbital and strongly
stabilizes the n-bonding dx2-y2 orbital. This should be observed in at least all trans dihalogen
ligand bands.
Seangprasertkij and Riechel38 likewise report that for complexes of the type trans-
VX2(salen) [X =Phenyl, Cl] the C-N stretch shifts to a lower frequency on going from the vanadyl to
the halogenated derivative. This is explained by a similar argument as the one above.
The only examples of dihalo dithiocarbamate vanadium(IV) complexes found in the literature are
reported by Cuadrado and Moran.23 For the VCl2(Me2dtc)2 complex, they report a decrease of
28 cm’1 in the C-N frequency (1511 cm’1) and an increase of 15 cm’1 in the C-S frequency (985
cm'1) with respect to VO(Me2dtc)2- For the VCl2(Et2dtc)2 complex, Cuadrado and Moran report a
C-N stretch at 1512 cm’1 and the C-S stretch (981 cnr1) to increase by 21 cm’1. We report for this
same complex an increase by 7 cm’1 in the C-N stretch and an increase by 39 cm’1 in the C-S
stretch. Cuadrado and Moran also report the IR spectra to be indicative of a trans configuration
since only one metal-halogen stretch appears as a strong stretch at 370 cm*1. A cis configuration
should exhibit two such stretches. Unfortunately, we are unable to use this as a diagnostic tool
because our capabilities do not extend this far into the far IR region. However, structural analysis
has shown that our complex is indeed the cis isomer. Also, the possibility of metathesis reaction
between the dichloro complex and KBr exists. However, the full IR spectrum of the VCl2(Et2dtc)2
complex in KBr is sufficiently different than the full IR spectrum of the VBr2(Et2dtc)2 complex in
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KBr. This leads us to conclude there is no halide exchange. However, an examination of the
metal-halogen band region is necessary to unequivocally prove this.
The differences between our IR results and Cuadrado and Moran's can be explained by
considering the canonical forms of the ligands and the effect the metal complex symmetry has on
the electron distribution throughout the ligands, van der Kirk et al.39-40 suggested canonical form
I is most important for the dithiocarbamates because it has the most double bond character, which
explains the high C-N stretching frequencies. They argued its importance decreased rapidly
upon ascending the homologous series (R = Me, Et, n-Pr, etc.). However, Chatt et al.33 found for
Cupric N,N-dialkyidithiocarbamates, the C-N frequency is almost independent of the size of the
alkyl groups and the homologous series dependency is really due to crystal packing forces. In
addition, the C-N frequency behavior of various metal dithiocarbamates is more dependent on
structural symmetry than the alkyl substitution. The arrangements in order of decreasing
frequency are planar > tetrahedral > octahedral > distorted octahedral or pyramidal. They also
found the greater the electron-releasing capacity of the substituent group on the S2C unit, the
greater the electron drift into the S atoms. Nakamoto et al.34 measured stretching force constants
and found canonical form I to contribute more to the ligand structure than II or III.
Ideally, if the compound had trans symmetry, applying the model mentioned above for the
diketonate complexes, the C-N frequency would shift to lower values and the C-S to higher values
when going from the vanadyl to the dichloro complex. The differences observed for our
complexes compared to the Cuadrado and Moran23 complexes can be attributed to the
differences in symmetry of the complexes. The cis isomer is a tetrahedral departure from the
octahedral symmetry of the complexes reported by Cuadrado and Moran, and this should lead to a
higher C-N stretching frequency as predicted by Chatt et al 32-33 The C-S stretching frequency
can be explained by the reduction of k bonding causing an insufficient withdrawal of electron
density about the C-N bond. The electron releasing alkyl groups are also present which causes
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additional build-up of charge in the chelating ring, consequently causing an increase in the C-S
frequencies. In the pyrrolidine complex, however, the added delocalization from the pyrrole ring
reduces some of the excess buildup of charge, and therefore the C-N and C-S stretches do not
significantly shift going from the vanadyl to the dihalogen derivative.
ELECTRONIC SPECTRA
The electronic spectra of the complexes were obtained in CH2CI2 solution. Because the
dichloro compounds convert readily back to the corresponding vanadyl complexes upon being
exposed to even trace quantities of water, the electronic spectra were all in the presence of or
AcBr. The band maxima and their extinction coefficients are collected in Table VII. The
assignments are made by comparison with the spectra of other dihalo vanadium(IV) chelate
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CHAPTER III
DIHALO BIS(P-DIKETONATO) VANADIUM (IV)
As in the case of the dihalo VIV dithiocarbamates, a better synthetic method is needed for
the synthesis of dihalo VIV p-diketonates. Existing methods use reagents which react with the
ligand and metal. From spectroscopic studies, the cis and trans geometric isomers have been
proposed for many of the dihalo VIV p-diketonates with the isomer being dependent upon the
method of isolation. The use of AcCI, AcBr, and BzCI as halogenating agents has proved to be
mild halogenating agents. This chapter addresses the existing cis, trans controversy of dihalo p-
diketonate complexes in that the structure of VCl2(acac)2 as recrystallized from CH2CI2, a solvent
of high polarity, is confirmed by single crystal x-ray analysis to be the trans isomer. This is unique
as the only structural characterization of a dichloro V1V p-diketonate complex.
EXPERIMENTAL
All syntheses were carried out in a dry/inert atmosphere of purified nitrogen.
Manipulations under nitrogen atmosphere for the syntheses were achieved by utilizing Schlenk
glassware and a nitrogen stream. Samples for the spectroscopic study of air-sensitive
compounds were prepared under nitrogen in the glovebag or Vacuum Atmospheres glove box.
Infrared spectra were recorded of KBr pellets with a Mattson Polaris Model 10410
spectrophotometer. The electronic spectra were recorded on a Varian Model 503
spectrophotometer using Spectrochem quartz anaerobic cells.
REAGENTS
Spectroanalytical grade methylene chloride (0.006% water) and toluene (0.007% water)
were obtained from Burdick and Jackson Laboratories. Methylene chloride and toluene were
dried over CaH2 and UAIH4, respectively, under a dinitrogen atmosphere and degassed before
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use. Vanadyl acetylacetonate and vanadium oxobis(1-phenyl-1,3-butanedionate) was obtained
from Aldrich and Eastman Kodak, respectively, and used as received.
SYNTHESIS OF COMPLEXES
All complexes were recrystallized from CH2CI2 by layering the solution with hexane and
cooling for approximately 1 week at -10 °C.
Dichloro bisfacetvlacetonatol vanadium(IV). VCfcfacac^.
VO(acac)2 (6.00 g, 0.0226 mol) was added to toluene (200 mL). The solution was
degassed and. AcCI (4.8 mL, 0.068 mol) added with stirring. The initial dark green solution
turned dark blue as time progressed. The reaction mixture was stirred at room temperature
overnight. The resulting purple product was filtered and dried in vacuo, to give 6.15 g, 85% yield
with respect to VO(acac)2. The preparation was also performed by heating the reaction mixture for
3 hours at approximately 100 °C.
VCl2(acac)2 was prepared by reacting VO(acac)2 (2.64 g, 0.0100 mol) with BzCI (2.3 mL,
0.020 mol) in a manner similar to the above procedure. The product yield was 4.34 g, 60% with
respect to VO(acac)2-
Dibromo bis(.ac.stylacetonatQ.).Yanadium(IV). VBr2(acac)2-
This was prepared from VO(acac)2 (6.00 g, 0.0226 mol) and AcBr (6.7 mL, 0.090 mol) in
toluene (100 mL) using the above procedure. The yield was 6.93 g, 75% with respect to
VO(acac)2-
Dichloro bis(benzpylacetonato) vanadium(.I.V),..V.QJ2(bzac)a-
This was prepared from VO(bzac)2 (4.96 g, 0.0127 mol) and AcCI (3.6 mL, 0.051 mol) in
toluene (100 mL) using the above procedure The yield was 4.57 g, 81% with respect to
VO(bzac)2-
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Dibromo bisfbenzovlacetonatol vanadiumdVT VBrg(bzac)g.
This was prepared from VO(bzac)2 (5.76 g, 0.0148 mol) and AcBr (4.4 mL, 0.059 mol) in
toluene (100 mL) using the above procedure. The yield was 5.05 g, 64% with respect to
VO(bzac)2-
X-RAY CRYSTALLOGRAPHY AND STRUCTURE SOLUTION
Single crystal x-ray analysis was performed on VCl2(acac)2-26 Crystallographic data are




It has been shown that dihalo derivatives of vanadyl complexes can be synthesized by a
more direct method overcoming potential side reactions through the use of the relatively easy to
handle acetyl halides (see Chapter II). Synthesis of vanadium dihalodialkyldithiocarbamates using
this method yielded black crystalline material with crystals large enough for single crystal x-ray
analysis, which confirmed the c/'s-VCl2(Et2dtc)2 structure. This procedure can also be applied to
vanadyl (3-diketonate complexes.
All of the complexes are relatively easy to isolate. The acetyl halides reacted with the
green VO(acac)2 starting material at room temperature to produce dark blue crystals of the
corresponding dihalide. However, reacting the vanadyl complexes with a stochiometric amount
of acetyl halide leaves a substantial amount of unreacted vanadyl complex as indicated by the
characteristic V=0 stretch in the IR of the crude product. This suggested the reaction was not
proceeding to completion. Carrying out the reaction in a 1:4 molar ratio of vanadyl complex to
acetyl halide (100% excess) resulted in no V=0 stretch being observed in the crude product.
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Table VIII

















Crystal Dimensions 0.35 x 0.15 x 0.20 mm
Color of Crystal brown
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The similar reaction of the green VO(bzac)2 compound with acetyl halide at room
temperature produced greenish-black crystals. The crude product exhibited the V=0 stretch.
Subsequent reactions using a 100% excess of acetyl halide consistently yielded products
exhibiting the V=0 stretch.
Several investigators22-43 have reported the synthesis and characterization of vanadyl
acetylacetonate complexes of the form VO(Xacac)2 (X = Cl, Br) in which halogenation of the
chelate ring has occurred at the methine position. However, there is no report of the halogenated
vanadyl benzoylacetonate derivative VO(Xbzaz)2 (X = Cl, Br). Likewise, our spectroscopic
evidence does not indicate halogenation at the chelate ring methine position. Further
experiments will be required to find reaction conditions which produce pure VCl2(bzac)2 .
DESCRIPTION OF STRUCTURE
Figure 5 shows the structure of trans-VCl2(acac)2 with the appropriate atom numbering
scheme, and Figure 6 is a stereo view of the molecule. Selected structural parameters are
collected in Tables IX and X. The crystal is composed of discrete molecules of VCl2(acac)2 with
the expected 6 coordination of vanadium. The coordination around vanadium can be described
as octahedral. The Cl atoms are cis to the equatorial plane formed by the oxygen atoms of the
acetylacetonate groups. A very similar coordination is noticed in VCl2(sal-N-Bu)2, the only other
reported16 single crystal determination of a VIV dihalide where the Cl atoms are cis to the
equatorial plane formed by the 2 N and 2 O atoms.
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Bond Distances of trans-MCl2(acac)2





















Bond Angles of frans-VCl2(acac)2
Atom A Atom B Atom C Angle 0
Cl(2) V(1) Cl(3) 179.1(3)
Cl(2) V(1) 0(4) 91.8(5)
Cl(2) V(1) 0(8) 88.3(4)
Cl(2) V(1) 0(11) 89.9(5)
Cl(2) V(1) 0(15) 89.3(5)
Cl(3) V(1) 0(4) 88.5(5)
Cl(3) V(1) 0(8) 90.9(5)
Cl(3) V(1) 0(11) 90.9(5)
Cl(3) V(1) 0(15) 90.4(5)
0(4) V(1) 0(8) 87.1(7)
0(4) V(1) 0(11) 92.0(6)
0(4) V(1) 0(15) 177.2(7)
0(8) V(1) 0(11) 178.0(6)
0(8) V(1) 0(15) 95.5(6)
0(11) V(1) 0(15) 85.5(6)
V(1) 0(4) 0(5) 132.5(14)
V(1) 0(8) 0(7) 129.7(14)
V(1) 0(11) 0(12) 134.2(13)
m 0[15] CQ4) 134.5(12)
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The acetylacetonate structure is the first reported single crystal determination of a VIV
dihalogen complex of a acetylacetonate. Several authors17-20 report, through EPR and IR
studies, the existence of the trans and cis isomers and the geometrical preference based on the
polarity of the solvent medium. Whereas the cis configuration is predicted in polar solvents, we
have isolated the trans isomer from CH2CI2-
Table IX shows the V-CI bond lengths are slightly different. Table IV compares these
bond lengths and other V-CI lengths found in the literature. Comparable to the other reported
trans structure, the average V-CI length is longer than those reported for c/s-VCl2(Et2dtc)2 and
agrees well with the argument of a more efficient delocalization of charge due to the vanadium
being in the plane in trans-type structures.20 The V-CI bond lengths however, are slightly shorter
than those reported for VCl2(sal-N-Bu)2- The effect of the ligand type on the length of the V-CI
bond has been previously considered in a comparison of V=0 chloro and dihalo V,v
complexes.20 V=0 bond lengths in corresponding vanadyl complexes are subject to variations
due to both the first coordination sphere28'30 and substitutions on the ligand.31 No similar
structural comparison between VIV dihalo complexes exist due to the lack of comparable
structures. VCl2(acac)2 has an O4 first coordination sphere while that for VCl2(sal-N-Bu)2 is O2N2.
However, the larger influence of the more electronegative oxygen atoms causes a greater
withdrawal of electron density from the n-bonding dx2-y2 orbitals than the nitrogen atoms. Just as
the V-CI interaction of V=0 chloro complexes is reduced by the vanadyl oxygen, the enhanced
delocalization of charge into the chelating ring structures via the oxygen atoms reduces the effect
of the V-CI interaction.
The four V-0 bonds, with one exception, are almost equivalent. One bond (1.916 A) is
significantly longer than the others (ave 1.905 A). The corresponding C-0 bond (1.242 A) is
significantly shorter than the others (ave 1.294 A). This can be explained by following Ihe
structural changes during the transition from the vanadyl complexes to the dichloro complex.
Starting with the vanadyl complex, the ligands are distorted by the into-the-plane movement of
the vanadium atom in proceeding to the trans dihalo structure. The longer V(1)-0(11) bond can
be a result of one of the oxygen atoms shifted slightly out of the jt-bonding plane. This shift has
resulted in less effective in-plane n bonding. A twisting of the ligands removes one O atom from
the plane. Therefore, the rc-bonding contribution from the dx2-y2 orbital is reduced. This is
observed in the lengthening of the V-0 bond and a consequent shortening of the corresponding
C-0 bond. In a comparison of the vanadyl and dihalo complex, this n-bonding effect is a possible
explanation of the observed shift to lower frequency in the IR C-0 stretch and the subsequent
combination with the C-C stretch to give a single band attributable to both.
The single crystal x-ray structure has also been performed on the vanadyl starting
material.28 Since only the O atom has been replaced, an interesting comparison can be made to
see the effects of the Cl atoms placement on the [V(acac)2]+2 subunit structure. Table XI lists the
comparisons for selected bond distances and angles. The dihalo complex is shown to become
Table XI
Comparison of Selected VO(acac)2 and trans-VCl2(acac)2
Structural Information
Property VO(acac)2 VCl2(acac)2
V-O 1.96 - 1.98 A 1.904 - 1.916 A
C-0 1.28- 1.29 A 1.242 - 1.303 A
O-V-O 87.2 85.5
more planar as the Cl atoms are added. This is evident in the average V-0 bond lengths (1.91 A)
of the dichloro complex as compared to the average V-0 of the vanadyl starting material (1.97 A).
Although one C-0 bond (1.24 A) in the dichloro complex is somewhat shorter than the others
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(ave 1.29 A), the average C-0 distance for the dichloro complex is the same as the average for the
vanadyl complex (1.28 A). As in the case of the V-S bonds of the dihalodithiocarbamate
complexes, crystal packing forces could be responsible for some of the distortions in the
structures.
INFRARED SPECTRA
Figure 7 shows a comparison of the IR spectra of VO(acac)2 and VCl2(acac)2, and Table XII
lists the most important and characteristic bands of the IR spectra of VCl2(acac)2, VBr2(acac)2,
VCl2(bzac)2 and VBr2(bzac)2 and compares them with the corresponding vanadyl starting
material. The spectra agree well with those reported in the literature for similar complexes.44 In the
dihalo complexes of the acetylacetonates, the C-C and C-0 stretches combine to form one peak
at 1529 cm*1 as suggested by Martinez et al. for VO(acac)2 and its pyridine adducts.44 The
absence of the V=0 band indicates the deoxygenation of vanadium(IV). The full IR spectrum of
the VCl2(acac)2 complex in KBr is significantly different than the full IR spectrum of the
VBr2(acac)2 complex in KBr and leads us to conclude there is no halide exchange.
The V'V benzoylacetonates behave differently than the VIV acetylacetonates. The
appearance of the V=0 stretch in the room temperature preparation of the benzoylacetonates
indicates that the vanadium atom has not been deoxygenated. Three possibilities exist for the
halogenation of the complex: 1) halogenation occurs at the aromatic ring of the ligand, 2)
halogenation occurs at the methine position of the chelate ring, and 3) the vanadium atom is
deoxygenated and the VX2+2 moiety forms.
%Transmission
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ngure 7. Comparison of IR Spectra of VO(acac)2 and f/ans-VCl2(acac)2
3 8
Table XII
Infrared Data for Selected Vanadyl and
Vanadium(IV) p-Diketonate Complexes (cm'1)
Complex o(C-O) ■o(C-C) u(V=0)
VO(acac)2 1558 1532 998
VCl2(acac)2 1529
VBr2(acac)2 1529
VO(bzac)2 1588 1521 998
VCl2(bzac)2 1595 1522
VBr2(bzac)2 1596 1539
Attaching a Cl atom to the aromatic ring of the VO(bzac)2 complex would produce a disubstituted
aromatic ring. This substitution would theoretically occur at the ortho/para position
considering the "pseudo" carbonyl group present as the conjugated C=0 bond and the
remaining alkyl portion of the ligand. Disubstituted benzene patterns in ortho/para positions
would require absorptions to occur at 840 - 810 cm*1 and 770 - 730 cm'147 The IR spectra of the
halogenated VIV benzoylacetonates are not consistent with this. There are two bands at 781 and
702 cm'1. This is more consistent with a monosubstituted benzene ring pattern which requires
absorptions at 690 cm'1 and 770 - 730 cm'1 47
The Cl atom also could be considered to attach at the methine position of the chelate ring.
Considering the presence of the methine bending absorption at 1181 cm'1 for the chlorinated
product and 1180 cm'1 for the brominated product, would effectively rule this out. However,
there is an absorption at 678 cm'1 for the chlorinated product where alkyl C-CI vibrations occur. A
similar stretch appears at 680 cm'1 for the brominated product. If these two stretches are
considered as contributions from C-X vibrations, the stretch of the stronger C-CI bond would
appear at a much higher frequency than the C-Br stretch. This argument also rules out
halogenation of the methyl groups, although this is an unlikely occurrence anyway.
Behzadi et al.22 report IR absorption data for VX2(bzac)2 (X = Cl, Br) complexes. For
VCl2(bzac)2 they report 1520 and 1510 cm'1 for the C=0 and C=C stretches, respectively. We
observed similarly 1595 and 1521 cm'1 stretches. For VBr2(bzac)2 they report for C=0 and C=C
1597 and 1535 cm'1 stretches, respectively. We also observed for this complex 1596 and 1539
cm'1 stretches. Because of the remarkable consistency of a great majority of the values, we
believe the Behzadi values of 1520 cm'1 for the C=0 vibration and 1510 cm'1 for the
corresponding C=C vibration to be in error. A more realistic view would assign the 1520 cnr1
stretch to a C=C vibration and a C=0 stretch in the region 1600 -1590 cnr1 was possibly
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overlooked. We also report the characteristic V=0 stretch at 998 cm*1 although still present in the
halogenated product, has decreased in intensity. Because of this argument and those just
presented, we believe the VX2+2 moiety to exist and be the major contributor to the resulting
products.
ELECTRONIC SPECTRA
The electronic spectra of the complexes were obtained in CH2CI2 solution. Due to a facile
conversion of the dihalo compounds back to the corresponding vanadyl compound upon being
expose to even trace quantities of water, the electronic spectra were all taken in the presence of
AcCI or AcBr. The band maxima and their extinction coefficients are collected in Table XIII. The
dihalo acetylacetonates are dark blue in CH2CI2 solution due to charge transfer bands at 716-468
nm (e= 1680-3950 L/mol-cm). The halogenated benzoylacetonates are green in CH2CI2
solution. Comparisons of the V,v brominated benzoylacetonate to the UV-vis spectra of
VO(bzac)2 indicates an additional transition at 395 nm (e = 5626 L/mol-cm) in the brominated
complex The high extinction coefficients (1990-6550) are indicative of charge transfer
complexes containing halogen atoms.
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Table XIII
Electronic Absorption Data for Selected Vanadium(IV)
Dihalo ^-Diketonate Complexes in CH2CI2













A synthetic procedure for the synthesis of VIV chelate complexes has been developed.
Vanadyl dialkyldithiocarbamates and (3-diketonates react with the mild halogenating agents acetyl
chloride, acetyl bromide, and benzoyl chloride under mild conditions to produce the
corresponding dihalo derivative. The crystal structures of c/s-VCl2(Et2dtc)2 and trans-VCl2(acac)2
have been confirmed by x-ray diffraction analysis. These structures have important implications for
the synthesis and structural characterization of S4 and O4 coordinated metals.
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